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Compression of femtosecond laser pulses in thin one-dimensional photonic crystals
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We demonstrate experimentally the effect of compression of femtosecond laser pulses(an févinmi-
crometers one-dimensional photonic crystal. We show that the compression effect is reasonably described by
the linear dispersion properties of the photonic crystal itself and the quadratic dispersion approximation cannot
be efficiently used for the description of interaction of the femtosecond laser pulses with the thin photonic
crystal. For given parameters of the femtosecond pulse it leads to the existence of the optimal dimension of the
photonic crystal from the point of view of the compression efficiency. Due to the wide spectral width of the
femtosecond laser pulses the high-order dispersion effects play an important role in pulse propagation in
photonic crystals and as a result the pulse compression occurs for both positive and negative signs of chirp of
the incoming femtosecond pulses.
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[. INTRODUCTION tosecond laser pulses we demonstrated that near the PBG
edge the specific enhancement of the nonlinear optical phe-
Since the earlier development of the dynamic theory ofnomena such as second-harmonic and sum-frequency gen-
x-ray diffraction by Sir Lawrence Bradd ] and much earlier eration may take place.
antecedents that one may already find 2 the studies of The first observation of the nonlinear propagation effects
photonic band gafPBG) materiald 3] have been a real chal- in optical fibers with the Bragg grating was demonstrated by
lenge for scientists. However, only during the last six years8. Eggleton in[15,16. Later in[17,18 the authors studied
we have observed the avalanchelike growth of the number dhe effect of picosecond laser pulses compression and *soli-
publications on the studies of optical phenomena in PBQonlike” propagation due to the simultaneous effect of self-
materials. The motivation for research of photonic crystalgphase modulation associated with the Kerr effect and the
(PO [3,4] that are the artificial multidimensional structures large dispersion in the Bragg grating induced in the optical
with the periodic modulation of one of the dielectric func- fibers. The effects of this type were theoretically described
tions [5] is due to their fundamental property to have theby H.G. Winful in[19] for nonlinear compression in weakly
PBG where the propagation of light in the case of linearmodulated optical fibers and later by the authorg2ff,21]
interaction is forbiddeh6]. The problem of the studies of the for the submillimeter one-dimensional PC with the relatively
PBG properties in three-dimensional crystals is rather comdeep modulation of the refraction index.
plicated, as it needs computational solution of Maxwell’s Propagation of the ultrashort light pulses through the PC
vectorial equations in the nonuniform dielectric mediLif depends not only on the dispersion properties of the PC near
In many cases the three-dimensional problem may be rehe PBG area, but also on the intensity of the field inside the
duced to the analytically soluble one-dimensional p8\8)]. structure[15]. This “dynamic compression” is caused by
A structure with the periodic modulation of the refraction the perturbation of the refraction index due to the nonlinear
index and/or nonlinear optical susceptibility with the periodinteraction of the incoming pulse with the PC periodic me-
closer to the wavelength of light may be accepted as a modelia. This “dynamic” effect takes place in the case of local-
of one-dimensional PC. Such crystals can also be characteration of the field of the pulse inside the layers that have
ized by the presence of PBG with the total Bragg reflectiorhigh refraction index and/or the nonlinearif22] and has
regime for the optical radiation. particular interest for the description of the nonlinear com-
A specific case for the research of PC is the study ofression in the photonic structures with the large modulation
interaction of the light pulses and, in particular, the ultrashorof the refraction index23].
pulses with the PC structures. In this case one should take The subject of this paper is the study of compression of
into account that the pulse regime has several advantages atig femtosecond laser pulses in thin one-dimensional PC that
specific propertie$10]. The most obvious one is that high is prepared in the form of multilayer structure with the
power that is needed for the investigation of nonlinear opti-modulation of refraction index. In the experiments we used
cal processes is more easily achieved with the ultrashothe laser pulses of femtosecond duration and PC with the
pulses, and the application of these pulses makes possible deep modulation of the refraction indeXif=0.8). Until
study without sample destruction. [lh1] the parametric am- now the experiments on the compression of the ultrashort
plification of picosecond pulses in the Bragg grating is in-pulses were performed in the picosecond time scale and the
vestigated. In our recent experimehi2—14 with the fem-  problem of compression of femtosecond laser pulses in PC
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was not experimentally studied. Moreover, the experiments E R
were mainly performed with the optical Bragg grating mod- — «*(x(z)+CcoSO)E=0, 2
els of PC or with the PC of submillimeter thickness. In our dz

initial experimental observation of the compression in the . . -
thin one-dimensional P24], the agreement between the where k=2ac/), \ is the wavelengthy is the incidence
experiment and the numerical calculation was qualitative. irgngle.x = E,_l IS the dlele(;trlc susceptibility mult|pllgd by
contrast, in the present paper we describe experimental & There IS a nymber of different methods of analyzing and
sults that already agree quantitatively with the theory. 1t5°IVing of equation Eq(2).

should be noted that the presented experimental results could

be explained without application of the mechanisms of non- B. Recurrence relationships

linear compressiorf15,17-20,28 To our knowledge, the One of the effective methods of the study of the optical
detailed studies of mechanisms of linear compression, in pagroperties of periodic media is based on the using of recur-
ticular for femtosecond laser pulses, are not presented in th@nce procedurf27]. The reflection and transmission coef-
literature yet, though some successful attempts are knowficients of a one-dimensional periodic structure consisting of
[25,26]. It makes such studies and the presented results inhe bilayers of materials with the dielectric permittiviey
teresting from a fundamental physics point of view, andand thicknessl, , can be determined by the following recur-

could have important applications in technology. rence relationships:
Il. PREPARATION OF ONE-DIMENSIONAL RiTn 1Tho1
PHOTONIC CRYSTAL Ro=Rnat o= (33
1M™n-1
In this paper we consider a one-dimensional PC structure o
consisting of ZnS and SgHayers deposited on a glass sub- — — Ry T T4
strate. It is composed of 15 layers: eight alternate layers of Rn=Ry+ 1-RR._ . (3b)
high (ZnS, n;=2.29) and seven of low (SsF n,=1.46) -t
refraction index onegl2]. T.T
The layers have thickness=3\/4n; (i=1,2) for the ref- Tnzl—“_*l’ (30)
erence wavelengtih,=790 nm to form the quarter-wave 1-RiRy g
stack for the wavelengthy. The total thickness of PC L
sample is roughly equal tb=4.8 um for the reference — TiTh1
wavelength\ . This PC structure strongly reflects light at the Tn:mv (3d)
n

normal incidence in the wavelength range of 745—-830 nm.

In the theoretical part of the paper all the simulations argyhere the reflection and transmission coefficients for a struc-
made taking into account the parameters of the describegre consisting oN periods are denoted 1%}, andT,, for the
above structure and 550 fs pulse duration at the wavelengéase of incidence on the structure from the side of high re-
812 nm. The pulse_2|s frequency modulated with Specna‘}raction index material an§n andﬂ for the opposite case.
width of Aw/we=10"". Recurrence relationship®) also enable us to express the

optical parameters of one period of structure in terms of the
lll. THEORY optical parameters of its constituent layers. For example

A. Wave equation

rot2
The propagation of electromagnetic wave in the one- Ri=rq,+ 21 , (43
dimensional periodic medium is described by the wave equa- 1-rirs
tion:
R tity
R G(Z) (92E Tl:_]_—_ ) (4b)
E-— — =0, (1) Fal2
c? ot?
where
where the dielectric permittivitg(z) is a periodic function _
of the coordinatezz. When we deal with the process of the i rg)(l—eXF(iZQ%))
wave propagation in the linear periodic medium it is conve- ()2 YRS
nient to expand the field in Fourier integral 1= (re)"expizd)
. (L o _ Wilexigy
E(r,t)= | dk E(k . i(k-p—wt i= - ,
(r,t) Jd fdw (K,w,z)-exdi(k-p—wt)], i 1—(rg))2ex;ii2¢i)

where p{x,y,0} is a two-dimensional radius-vector in the where ¢;=k{’d;. In the last equatiomn!) andt!) are the
entrance plane of the PC structure. By substituting this exFresnel reflection and transmission coefficients. In the case
pansion into Eq(1) we get of s-polarized incident wave they are expressed in terms of
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the normal projections of the wave vectors in vacuem
=k cosd and in mediunk!) = k\/cog6+ y; in the following
way:

o k,— k0
@iz 'z
rF KZ-‘r kg)a (58)
. 2k
(i) — z
tr . kS)’ (5b)
. 2k
th=— 2 (50)
K+ kg)
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In the analyses of the wave propagation in transparent
periodic media it is useful to keep in mind the following
relationships between the reflection and transmission coeffi-

cients.

T.=T,, (6a)
R
R,=R\/=, (6b)
R,
_ R,
R.=R\/=. 6¢C
n R]_ ( )

Thus, in the transparerfhonabsorbing medium the re-
flection coefficients can be represented in the foRn

=Rexp(¢r), R,=Rexp(—i$g), and in this case the phase of

transmission coefficienp; differs from ¢g by + 7/2.
The solution of Eq(2) can be represented in the follow-
ing form:

E(z)=u(2)expliqz), (7)

whereu(z) is a periodic function, and is a quasimomentum

-0.1

0.0

Au)/(oo

FIG. 1. Real &), imaginary(b) parts of the quasimomentum
and the energy reflection coefficiefR|? (c) as a function of the
scaled frequency detunilfw/wy. The pulse carrier frequenay,
=2mc/\, corresponds to the wavelengtg=812 nm.

tially decreasing with depth. For this wave we have dn(
>0. In the semi-infinite medium we should omit the second
solution with Im(@) <0, because it corresponds to the wave
exponentially increasing with depth and is not a physical
solution.

In Fig. 1 for the case of normal incidence we plot the real
(@) and imaginary(b) parts of the quasi-momentum and in
Fig. 1(c)—the energy reflection coefficietR|? as a function
of the scaled frequency detuninfw/w,, where the pulse
carrier frequencywo=2mc/\y corresponds to the wave-

or Bloch wave vector. If we apply the recurrence proceduréengthAo=812 nm. The relative detuning varies in the in-
to the semi-infinite medium we can easily get the followingterval —0.12<A w/ wy=<0.2. In the region far from photonic
equations for the semi-infinite periodic medium reflectionband gap we can clearly see the linear dependency between

coefficientR and Bloch wave vectoa:

1+RR;-T2 R
R-_ L lpy g (8)
R, R,
_ 1-RR+T;
exp(i2qd) — T exp(iqd)+1=0, (9
1

whered=d; +d, is the period of structure. If the top layer of

the real part of quasimomentum and frequency. In contrast
there is a high dispersion in the region near the photonic
band gap and at its edges. The imaginary part of quasi-
momentum differs from zero only in the photonic band gap.
Thus the frequency dispersion effects are most pronounced
in the region near the photonic band gap.

Figure 2a) shows the real part of quasimomentum as a
function of incidence angle at a given frequency correspond-
ing to the wavelengthy=812 nm. The angular dependency

. . . 2 . . .
structure is low refraction index layer then the reflection co—l‘zf the energy reflection coefficiefR|” is shown in Fig. Z).

efficient isR=RR, /R;.

C. Quasi-momentum

or comparison, the dotted line in Figta2 shows the angu-
lar dependency of the phaked=k{"d, +k{?)d, that trans-
mitted wave could have in the absence of dispersion. We can
see that in the region far from the photonic band gap

Quasi-momentung determines the dispersion properties q~k,. Figure 2b) shows the real part of the difference
of semi-infinite periodic medium. One of the solutions of the(q—k,)d as a function of the angle of incidence. It is defi-

guadratic equation Eq9) corresponds to the wave exponen-

nitely seen that there are at least three different angular in-
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FIG. 2. (a) Real part of quasimomentum as a function of inci- -0.1 0.0 0.1 0.2
dent angle at given frequency corresponding to the wavelexgth Ao/ o,

=812 nm(solid line) and angular dependency of the phasd
=k{Md, +k{?d, that transmitted wave could have in the absence of  FIG. 3. Phases of the transmitted into the substfatand re-
the dispersiorfdotted ling; (b) Difference @—k,)d versus angle of  flected (b) waves and energy reflection coefficigiR|? (c) as a

incidence;(c) Angular dependency of the energy reflection coeffi- function of the scaled frequency detunings/ w,.
cient|R|2.

oscillations in dispersion dependencies due to interference
tervals where quasimomentugg#) can be approximated by phenomena.

the parabolic function. Figure 3 shows the phases of the transmitted into the sub-
(6— 6)° strate(a) and reflectedb) waves and energy reflection coef-
— / _ " Y ficient |R,|? (c) as a function of frequency detuning in the
0)=q(6p)+0q’(6p)(6—0)+q"(6 . n
A(6)=a(00)*+a"(o)( 0)+a"(f0) 2 same interval as in Fig. 1. This figure is for the normal inci-

dence case. For convenience what we really show in Fig.

The first and second derivativeg (6,) and q”(6,) are 3( is the difference:

different in different angular intervals. The second derivative
g”(6y) has the highest value at the edge of the photonic band
gap, 8= 6ppg, and it is negative here.

Hence, similar to the frequency dispersion effects, the It should be reminded that the structure under consider-
spatial dispersion effects are most pronounced in the regioation consists of eight layers of ZnS and seven layers of SrF
near the photonic band gap. deposited on glass substrate. We can see the strong
frequency dispersion at the edge of photonic band gap
and oscillations near it. These oscillations are most pro-
nounced in the phase of the reflected wave. We can also

In the previous section we have shown that the strongee that taking into account substrate and absorption occur-
frequency and spatial dispersion near and at the edge of thig in real medium breaks the relationship, mentioned in
photonic band gap is the most prominent feature of the disSec. Il B, between the phases of transmitted and reflected
persion properties of the semi-infinite structures. It is evidentvaves.
that these properties are inherited by the periodical structure Figure 4 shows the phases of the transmiti@dand re-
with a finite number of spatial periods. In this section weflected(b) waves and energy reflection coefficidnt versus
discuss the specific features of dispersion properties of thine angle of incidence for the samg. Figure 5 shows the
finite length structures. reflection coefficientR|?2 of the ZnS/Srk PC structure under

We have mentioned in the previous section that one of thetudy measured on the wavelength 814 nm with the
solutions of Eq.(9) for quasimomentum is a nonphysical sincoming ands-analyzing polarizations of light for various
solution in semi-infinite medium. In the medium of the finite angles of incidence. By the dashed line we show the copy of
length both solutions are physical and the second one corré~ig. 4(c) for comparison. On Figs. 4 and 5 one can see again
sponds to the wave reflected at the bottom of the structurthe strong oscillations due to the interference of the counter-
and propagating towards its top layer. The presence of twpropagating waves. The experimental data show good agree-
counter-propagating waves will result in the appearance ofnent with the presented above model.

br—(8k{Dd; +7K{Pd,).

D. Structure of finite length
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FIG. 4. Phases of the transmitté and reflectedb) waves and
energy reflection coefficier(t) as function of incident angle.

E. Pulse compression

Equationg1) and(2) produce the following equations for

the field amplitude of the transmitted and reflected waves:

ET(;;,z:L,t)zf f E(K,w,z=0)-T,(K,w)-exdi(k-p
— ot)]dkdw, (10)
ER(,S,z:o,t)zf f E(K,w,z=0)-R,(K,w)-exdi(Kk-p

— wt)]dkdo, (12)

R

6 (deg)

FIG. 5. Reflection coefficier|R|? of the ZnS/Srk PC structure
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where L is thickness of PC. The amplitude of incident
chirped pulse is

E(ﬁ,z=o,t>=Edﬁ)-exp[i(lzo-ﬁ—woo

t2

5 (12

+ia(t—A7')2) ,

)
p

wherer, anda are pulse duration and chirp parameter of the
incident pulse, respectively. In order to interpret the follow-
ing experimental data correctly we assume that in real ex-
periment there is a possibility of the shift between the spec-
tral and temporal profiles of the incident pulse. To account
for this we have included into E@12) the arbitrary temporal
shift A7 between the extremes of pulse frequency and inten-
sity profiles. In our experiments the incident pulse has the
temporal width 7,=550 fs and spectral widthA w/w,
=0.01, that corresponds tor75|=12.77.

It is well known that in the medium with quadratic fre-
quency dispersion when the phase of transmitted wave is
reasonably approximated by:

d1= (W) + P1(wo) (®w— wo) + PT(wo) (w— w0)2/2( )
13

the chirped pulse is stretched or compressed depending on
the ratio between the signs of chirp parameteand phase
second derivatives”. In this case the intensity of the trans-
mitted wave is

|oT§|Tn(Z’o)|2

72(L+ adi(@0))+ (@)

p[ (t+ p7(@o) + A7)
Xexpg —

l1(z=L,t)=

- NCE
70

wherewy=wo— aA T,

To—Tp\/(1+a¢( )%+ (¢r(e O))- (15

P

On the other hand, it is seen from Fig. 3 that in the case of
femtosecond incident pulse the phasgecannot be approxi-
mated by Eq(13) with reasonable accuracy. As a result, the
effects of high order dispersion will appreciably affect on the
temporal profile of transmitted and reflected waves.

IV. EXPERIMENTAL SETUP

A schematic diagram showing the experimental set-up de-
veloped at the Universitdu Littoral and used for the mea-
surements is depicted in Fig. 6.

The laser system used in our experimental set-up consists

under study versus the angle of incidence measured on the wavef @ mode-locked Ti:Sapphire las@oherent, Mira 90pand

lengthA =814 nm with thes-incoming ands-analyzing polariza-

regenerative amplifieqfCoherent, RegA 9000both pumped

tions of the light. By the dashed line we show comparative the copypy argon-lasefCoherent, Innova 430The main parameters

of Fig. 4(c).

of RegA 9000 output radiation are the following: pulses rep-
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FIG. 6. Schematic diagram of the experimental used for the i |
measurements. M M,, and D1 —mirrors and lens of the RegA g 03l
9000 compressor; M-output mirror; L, Ly—focusing and colli- ,‘_’ 5

mating lenses; GP1, GP2 Glan-Taylor polarizers; DFR—double 0.0 P I A
Fresnel rhombus. P” and “S” indicate state of polarization of 14 16 18 20 22 24 26 28 30
radiation before and after DFR.

0 (deg)

etition rate is 200 kHz with the maximal output average F|G. 7. Results of the measurements of relative changes of pulse
power as 800 mW and the central wavelength of the specquration (-, /,,.) versus the angle of incidenaefor the pulses
trum of the pulse is in the range of 810-820 nm; the puls&ransmitted through the PC structure for two signs of the chirp of
duration is7o=270 fs with the spectral widtAA=8 nm  pulses incoming to the sampléa) for the positive and(b) the
(both measured at the half-maximum leveBy translating negative onegc) linear transmissiofiT) of the structure versus the
the mirror M, in the grating compressor placed on the outputincident angle.

of the regenerative amplifier we change the pulse duration,

sign and the value of the chirp. The correspondence between V. EXPERIMENTAL RESULTS

the direction of M translation and the sign of the chirp is

schematically depicted in Fig. 6 by the arrow. The energy of In this section we discuss and analyze our experimental
the amplified femtosecond pulses was varied precisely by theesults. We carried out two sets of experiments. In the first
Glan-Tailor prisms(GP1 and GPR By the GP2 and the one we measured relative changes of pulse duratigi .
double Fresnel rhombus we set the direction of the lineawherer, is the duration of the transmitted pulse angl. is
polarization of the laser beam on the sample as the verticahe duration of the incoming oheafter its transmission
(s-polarization. GP1 was aimed to set the energy of thetrough the PC sample versus the angle of incidehdérom
pulses incoming to the PC sample on the 3.5 mW averagthe measurements of the second order autocorrelation func-
power. tion we extracted the FWHM of the transmitted pulses for

The laser beam was focused by the 8 cm lep®hio the  two signs of the chirp of femtosecond pulses incoming to the
PC sample. The experimental conditions minimize any possample. The typical results for the pulses with the positive
sibility of heating or PC damage. The sample is mounted orsign of the chirp are indicated in Fig(&f and for the nega-
the rotary part of the goniometer in order to align and varytive one in Fig. Tb). In both experimental sets the spectral
incident angles. The goniometers rotation axis was strictlywidth and the pulse duration of laser radiation were the
controlled to be in the plane of the sample. The sample couldame, and were measured as 8 nm and 550 fs accordingly.
be moved out of the beam path and placed back with a tran®oth Figs. 7a) and 7b) show that we observe the compres-
lation stage. Collimated with lens L3 laser beam is sent dision of the femtosecond laser pulses that have initial nonzero
rectly to autocorrelator or to spectrografthromex 5001  value of the chirp parameter. It is clearly seen from these
The spectroscopic signal detection was accomplished by figures that the behavior of the pulse duration demonstrates
liguid nitrogen cooled CCD camer@rinceton Instruments closer tendencies for the two cases when incoming radiation
Inc.). obtained the chirp of opposite signs. Figuré)7demon-

In the experiments we studied both spectral and temporatrates that if the chirp of the pulse has the positive sign, the
properties of the radiation incoming on the PC structure andehavior of the experimental curve has initially monotonous
transmitted through it versus the angle of incidemceNe  character. Relative pulse duration decreases with the increas-
measured the pulse duratidby means of second order au- ing of the angle of incidence and achieves the minimum of
tocorrelation function of intensity techniquand spectral the pulse duration at thé=22 degrees. This particular point
profile of the pulses. The measurements of the pulse paranfies on the linear transmission band-gap edtee linear
eters were made just before and after the PC sample. transmission of the structure versus the incident angle is
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FIG. 8. Results of measurements of the relative changes of pulse
duration value ¢, /7,.) versus the differencer,.— 79 (7o
=270 fs).

shown in Fig. Tc) as wel), where the PC sample is highly
dispersive, but not strongly reflecting.

For the case of the negative sign of the chirp of the pulse,
we also observed the compression, but the experimental
curve does not exhibit the monotonous character. First, the
relative pulse duration increases with the increasing of the
angle of incidence and exhibits clear tendency for the pulse
decompression with a pulse duration maximum around 18
degrees. Then, the pulse duration decreases with the mini-
mum at 28 degrees. In fact, we observed the different pulse
compression ratios for two signs of the chirp: for the positive
sign, the compression is detected in two times more efficient FIG. 9. Variation in the intensity temporal profile of the trans-
than for the negative one. mitted wave for the valu¢a7§| =12.77 for positive(a) and nega-

In the second experimental set we studied the compredive (b) signs of chirp versus incident angle.
sion of the pulses in the PC structure for different values o
the duration of the pulses incoming on the PC sample. Th
value of relative changes of pulse duratiofy, (7in) IS
shown versus the differencs,.— 7o (here 7,=270 fs) in
Fig. 8. The measurements were made for the fixed angle
incidence on the PC structurg=22 degrees and with the

(Ne can see from Fig. 9 that the position of peak pulse moves
fith the increasing of angle of incidence in opposite direc-
tions for positive and negative sign of the incident pulse
hirp. It demonstrates clearly the influence of the high-order
iffraction effects on the dynamics of pulse propagation in
! . ) ) s ; PC. We can also see that inside PBG and far from its edge
fixed spectral width of incoming radiation for the chirp pa- the dispersion is significantly smaller. Figure 10 shows the

(/?/?ifgg;gt(r]peftstﬁigiﬁgég 3\,?3] ft%rea;)(;it(icggs?gxeo??ri]?chir F$)ulse temporal width as a function of the angle of incidence
. . “Uor th iff | f chirerd| = 12.77(b), 2
demonstrate a reliable tendency for compression achievin o)rt ree different values of c |rk:n7-p| 8 @, (b), 20

the value ofr, /7,,=0.85. The pulses with the negative

. t .In contrast to the simple equation E@.5) the pulse is
Sign Qf the chirp do nat demonstrate_ the tendency for COmE:ompressed for both signs of the chirp. The degree of com-
pression for any values of the incoming pulse duration.

pression is approximately the same for both signs but maxi-
mum of the compression is observed at different angles of
V1. DISCUSSION AND CONCLUSION incidence for two signs. The influence of temporal shift
on the profile of the transmitted pulse is shown in Fig. 11. It
Figure 9 shows the variation in the intensity temporal pro-is seen from Eqs(14)—(15) and Fig. 11 that reasonable

file of the transmitted wave for the valuey75|=12.77, and  variation (0<A 7< 7,) of temporal shiftA 7 leads to the shift
positive (a) and negativeb) signs of chirp when the angle of along the angle of incidence axis, but it does not change the
incidence is varied in the ranges56 <40 degrees. Itis seen qualitative behavior of the pulse parameters as a function of
from Fig. 9 that the most drastic variations in the shape otingle of incidence.
transmitted pulse occur in the region<2® <30 degrees, The influence of the PC thickness, i.e., number of pairs of
i.e., near the edge of PBG. In the case when=0 the  ZnS/Srk layers, on the transmitted pulse profile is shown in
position of pulse peak in the quadratic dispersion medium ifig. 12. We can see that the increasing of the number of pairs
determined by®1(6) and does not depend an Contrary  of ZnS/Srk layers results initially in further decreasing of
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FIG. 10. Pulse temporal width as a function of incident angle for — T T
three different values of chirbarf,|:8 (a), 12.77 (b), 20 (c) for -1400 700 0 700 1400
positive (solid line) and negativédotted ling signs.

FIG. 12. Influence of the PC thickness, i.e., number of pairs of
pulse temporal width, but when the number of pairs exceedgnS/Srk layers, on the transmitted pulse profile for positfagand
nine, the pulse is broadened. This is due to two reasonsegative(b) signs of chirp.

Firstly, the period of oscillations due to interference effect
(see Fig. 3is inversely proportional to the thickness of PC.
As a result the width of the region where the expansion Eq.
(13) holds is narrowed with the increasing of PC thickness.
Secondly, and the most important, we have already men-
tioned that for femtosecond pulse the expansion @)
does not satisfactorily describe the dispersion of PC and the
input of the high-order dispersion effects into the profile of
transmitted pulse increases with the traveled distance. The

1400

FIG. 13. Variations in the pulse temporal width and shape for
FIG. 11. Profile of the transmitted pulse for two values of tem-reflected wave for the valqem-,ﬂ =12.77 for positive@) and nega-
poral shiftAr. tive (b) signs of chirp versus incident angle.
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profile of transmitted pulse becomes significantly differentobserve different nonlinear optical conversion efficiencies
from that described by Eq$14) and (15). for the pulses with different signs of the chirp. We expect to
The variations in the pulse temporal width and shape fostudy them in more detail in the future.
reflected wave are in close analogy with that for transmitted
wave and are shown in Fig. 13.
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